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By John C. Evvard and W. E. Moeckel

INTRODUCT ION

The use of increased oxygen concentrations in the intake air as
a means of supplementing the supercharger capacity of an aircraft
engine at altitude is discussed in reference 1. Experiments on a
Wright R-1820 G200 cylinder (reference 1) indicated the amount of
internal cooling that was required to maintain engine temperatures
when gaseous oxygen boosting wes applied. The use of liquld oxygen
boosting in conjunction with internal coolants is also feasible.

Because only a small amount of experimental data is available,
a method has been developed to estimate the quantities of internal
coolants required to prevemt overheating of the aircraft cylinder
when oxygen boost is applied. Inasmuch as many factors have been
neglected, the results reported herein are intended to sérve only as
qualitative indications of the internal-coolant requirements.

COMPUTAT IONS

Method. -~ For the purposes of the calculatlon, suppose that
oxygen 1s injected into the engine of an airplane whose normal crit-
ical altitude is 30,000 feet for an inlet-menifold pressure of
Ll inches of mercury absolute. Consider that critical-altitude
horsepower 1s desired at 40,000 feet, at which altitude the manifold
pressure would be reduced to 27.L inches of mercury absolute. The
reduction in air consumption at 40,000 feet requires the injection
of enough additional oxygen to give the airplane engine the same
total oxygen consumption that it normally had at 30,000 feet. The
determination of the necessary additional oxygen therefore requires
a knowledge of the mass air flow to the engine. In the following
computations, any effects that the injected internal coolants or
oxygen may have upon the normal air consumption of the engine have
been entirely neglected.
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Assume that the intake-valve arrangement of the englne offers
no resistance to the incoming charge and that the exhaust residuals
are isothermally compressed by the incoming charge. The air con-
sumption of the engine per cycle will thsn be represented by the
following equation:

m= pvy + pv, (1 - ;2) (1)
where
m mass of charge alr per engine cycle
P inlet-charge density
vq engine displacement volume
Ve enginc clearance volume
Pe - exhaust back pressure
P intake-manifold pressurs

In tzrms of couprussion ratic and inlet-air pressure, equa-
tion (1) can te written:

m P T Pe
E’pcu-l)("':?‘) (2)

P inlet-charge dhnsity at critieal altitude
Pe intske-manifold pressure at critical altitude
r engine compression ratio

In order to estimate the engine cooling effectiveness of the
various internal-coolant combinations, assume that the engine ari its
heating effects are replaced by an adiabatie mixing chamber., The
internal coolants will thon be injucted at some initial temperature
(depunding upon the internal coolant) and mixed with the combustion
gascs until a final temperaturs Tg i3 reached. The temperaturs Tg

is herein assumed to be the mean cffective gas temperature, which
repre sents the average cycle gas tompsrsturs effective in the transfer
of hcat from the gases within the cylinder chamber to the cylinder
walls, discusssed in reference 2. The heat absorbed by each internal
coolant will then be the difference between its total heat content at
Ty and its total hzat content at the assumed inlct temperature.
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Application of method. - When the exhaust back pressure is
12 inches of mercury absolute, the compression ratio is 7.0, the
inlet-air temperature is 225° F, and the engine speed is 2500 rpm,
the air consumption at the critical altitude (from equation (2)) is
.16 pounds per hour per cubic inch of engine displacement; the air
consumption at 40,000 feet is 2.53 pounds per hour per cubic inch
of engine displacement. Thus, the maintenance of critical-altitude
total oxygen consumption requires 0.28 pound of added oxygen per
hour per cubic inch of engine displacement. The injection of this
amount of oxygen will give the inlet air a final oxygen concentra-
tion of approximately 3% percent by weight.

The decrease in the quantity of inducted nitrogen in passing
from the critical-altitude condition to that at 40,000 feet amounts
to 1.25 pounds per hour per cubic inch of engine displacement. The
cooling properties of this quantity of nitrogen must be compensated
by injection of an internal coolant to prevent overheating of the
engins.

When an initial inlet-air temperature of 225° F and a final
mean effective gas temperature Tg of 1150° F (approximated from the

experimental values in reference %) are assumed, the heat absorbed
by nitrogen, as estimated from figure 1, is 238 Btu per pound. When
water is injected as an internsl coolant at 60° F, it will absorb
1490 Btu per pound. Thus, water is 6.% times more effective than
nitrogen as an internal coolant end, hence, the amount of water
required to replace the cooling capacity of the nitrogen is 1.?5/5.3,
or 0.20 pound per hour per cublc inch of engine displacement. At a
fuel-air ratio of 0.09, this value corresponds to a waler-fuel ratio
of 0.53. Although water was not tested as an internal coolant
during the tests reported in reference 1, the ammonium-hydroxide
data presented in figure 1 of thot report indicates that about

C.5 pound of water per pound of fuel at a fuel-air ratio of 0.09
would provide sufficient cooling when a 33%3-percent concentration of
oxygen 1s vsed. The calculated value is thus of the correct order
of magnitude.

If liquid oxygen is used rather than gaseous oxygen, the
required water will be reduced by an amount corresponding to the
quantity of heat a“sorbed by the oxygen in passing from the liquid
state at its boiling point (-298°¢ F) to the gaseous state of 225° F.
This heat amounts to 206 Btu per pound. Hence, the amount of water
required to cool the engine will be 0.15 pound per hour per cubic
inch of engine displacement, corresponding to a water-fuel ratio of
0.39 at a fuel-air ratio of 0.09.

If enough liquid nitrogen is added to the liquid oxygen to make
water Internal cooling unnecessary, the required amount of liquid
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nitrogen is 0.L4L8 pound per hour per cubic inch of engine displace-
ment. Liquid air containing Ll percent oxygen should therefore give
adequate internal cooling for this type of oxygen boost. A compari-
son of the amount of liquid nitrogen required with the amount of
liquid water required shows that, on a weight basls, water is
0.48/0.15, or 2.2 times more effective than liquid nitrogen as an
internal coolant.

The use of ligquid air containing 2%.2 percent oxygen would
overcool the engine by an amount equivalent to the cooling effect of
0.2 pound water per hour per cubic inch of engine displacement.,

The curves of reference 3 indicate that this amount of cooling would
lower T, approximately 290° F at a fuel-air ratio of 0.09.

Summary of calculations. - Inasmuch as many factors have been
neglected, the results reported herein are intended to serve only as
Qualitative indications of the cooling requirements when using several
combinations of oxygen boost and internal coolants. A brief summary

of the results calculated on the basis of an engine speed of
2500 rpm, a critical altitude of 30,000 feet, and a total oxygen
censumption at LO,0C0 feet (by oxyzen boost) egusl to that at
*Q,000 feet 1s presented in the following table:

Type of boost Al?itgde Inlet-air|Added Added |Added |[Totsl
and internal ft essure? water ]nitro- |fluid
coolant €zn. He (lbﬁhr) (1b/hr) %en weight
absolute)| (b) (b) 1b/nr) | (1b/hr)
(b) (b)
Normal opera-| 30,000 Lh.C ¢ 0 0 0
tion {critical)
Gaseous oxy- Lo,c00 27.L .38 .2C 0 .58
gen and lig-
uid weter
Liquid oxygen| LC,000 27.hL .38 .15 0 .53
and liguid
water
Liquid oxygen| L0,0CO 27.h .38 0 L8 .86
and liquid
nitrogen
Liquid air 40,060 27.h .28 |%-.2h | 1.25 | 1.63

8pregsure does not include pressure due to added material.
These quantities are given per cubic inch of engine displacement.
®The negative value represents overcooling by an amount equivalent

to this quantity of water used &s an internal coolant.
value of Tg would be decreased approximately 2900 F.

Alrcraft Engine Research laboratory,

National Advisory Committee for Aeronautics,

Cleveland, Chio.

The



NACA RB No. EjK21 5

REFERENCES

1. Spenger, Robert C., Jones, Anthony W., and Pfender, John F.:
Oxygen Boosting of an Aircraft-Engine Cylinder in Conjunction
with Internal Coolants. NACA ACR No. EuD29, 15hk.

2., Pinkel, Benjamin: Heat-Transfer Processes in Air-Cooled Engine
Cylinders. NACA Rep. No. 612, 1938.

3. Koenlg, Robhert J., and Higser, Gerald: The Effect of Water
Injection on the Cooling Characteristlics of a Pratt &
¥hitney R-2800 Engine. NACA ARR No. 3K09, 19L3.



NACA RB No. EMK2] Fig.

19wH""'YlllllllllllIllfl'Illll LABAE BEAAS RAARS AR AAREIGAREI BRI AR ERES RARAS RAAR] ARARE BB
- NATIONAL ADVISORY
- COMMITTEE FOR AERONAUTICS d

AY

1800

1700

'/UuY: FUTTS FEFN I FUNE FEUSE OV

1600

1500

1400

1300

[SUEIENEVE CENEE FENTE FEU VS SUTWS SUNN|

Heat content, Btu/lb

H
Tilﬂ‘r TYYY RS RARESAGARARAAARARARAR RARRIBARE) RARRIREAR RARRIREASAS RARAS RARSE RASAS RARAS ARSI RASSS LALAE LARAR LAARE RARAL RAALS
N ..__1

Al ld

==F==F=——fF=

jSENl FEBW!

600

N

-+
®
3
AW

\
\

\
A
\
\
Y

500

“
o
[
-
il

[~

SRS FSRNI

300

\

] ‘\\
\

)\

| 3

00— .

E 3

b L -4

- -

- -4

c'fl_ljl Ad Add bl A A bl ladddaaaad it id i i Al L atdaledd il I FSUSI NNV NEENE FTENI SN AN U
~koo -200 0 200 Loo 600 800 1000 1200 1400

Temperature, OF
Figure 1. - Heat content of oxygen, nitrogen, and water,
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